Abstract-The resource of radio frequency spectrum is not efficiently managed, and the increased dependence on wireless devices in the modern era just adds to the problem. The concept of cognitive radio aims to overcome the problem of limited radio frequency spectrum by helping to achieve improved spectral management, utilization, and efficiency. One of the ways to improve the efficiency and utilization of an available frequency spectrum is to share it between the users. One of the most important step for spectrum sharing is spectrum sensing. There are many spectrum sensing algorithms available for cognitive radio. This paper describes the Cyclostationary Detection based method of non-cooperative and cooperative cognitive spectrum sensing. The basics of Cognitive Radio have been discussed, and Simulink models have been developed for the detection techniques. Based on the output results of the simulations, the performance of the Non-cooperative Method and the SLC Method of Cyclostationary Spectrum Sensing was compared, and discussed which of the methods have better performance and efficiency.
I. INTRODUCTION
Modern wireless systems are capable of offering a wide variety of high data-rate applications to various users at the same time. In order to realize this objective, they have to overcome the practical constraints imposed by the resources they need such as power and spectrum. But, these resources are quite limited in nature. The rapid increase in the number of wireless systems and the scarcity of these resources, especially of the frequency spectrum, continues to be a problem.
Cognitive radio is a concept that aims to overcome these very problems by proposing an opportunistic spectrum usage approach, in which the frequency bands that are not being used by their licensed users can be utilized by cognitive radios [1] . Since cognitive radios do not need a license and they do not affect the operation of licensed systems, this approach leads to a highly economic and efficient usage of the frequency spectrums. The Federal Communication Commission (FCC) research report [2] show that, about 70% of the allocated spectrum is under-utilized. So, we require a technique that can deal with the problem of spectrum under-utilization. Cognitive radio can sense external radio environment and use past information [3, 4] . Without interrupting of affecting the primary users (PU), it can use the unused spectrum band dynamically.
The basic function of a cognitive radio is to accurately sense the spectrum by evading any chances of obstruction or interference to the primary or licensed users. By using spectrum sensing, cognitive radios can adapt themselves to the external wireless network. The cognitive radio users can be divided into primary users (PU) and secondary users (SU). The users who has the license to use a specific band of the spectrum are known as the primary users. On the other hand, secondary users (SU) do have license to use the spectrum but can use the spectrum when the PU is absent. When the PU is present, the SU change their modulation parameters or shift their transmission to another frequency so as to never cause any interruption for primary users. Various techniques have been used for detecting the presence of the PU signal transmission. The existing spectrum sensing techniques can be broadly divided into three categories: cyclostationary detection, matched-filter detection, and energy detection [5, 6] . The main objective of this work was to create Simulink models and to compare the performance results for the Non-Cooperative (Single-user) and Cooperative Square Law Combining (SLC) methods of Cyclostationary Spectrum Sensing.
II. COGNITIVE RADIO
A Cognitive Radio can simply be defined as an adaptive, multi-dimensionally aware, and an intelligent wireless communication system that learns from its experience to reason, plan, and decide future actions required to meet the specific needs of the consumers.
The two important characteristics of a cognitive radio are: 1. Cognitive capability-It is the ability of the cognitive radio technology to capture or sense the information from its radio environment. 2. Reconfigurability-It enables the cognitive radio to be dynamically programmed according to the required radio environment [7] .
Cognitive Radio mainly performs four functions: 1. Spectrum Sensing-Cognitive Radio continuously searches for unused spectrum, which is known as the spectrum hole. This property of cognitive radio is termed as spectrum sensing. 2. Spectrum Management-Once the spectrum holes are found, the cognitive radio selects the available hole or channel. This property of cognitive radio is termed as spectrum management.
3. Spectrum Sharing-The property of the cognitive radio to allocate the spectrum hole to the secondary (cognitive) user, as long as primary user does not need it, is termed as spectrum sharing. 4. Spectrum Mobility-It is the property where the cognitive radio (CR) vacates the channel when a licensed (primary) user is detected.
III. SPECTRUM SENSING
Spectrum Sensing is a key aspect of cognitive radio (CR). The objective of cognitive radio is to utilize the empty channels in the spectrum to reduce the traffic in congested areas. Proper sensing of the spectrum is the integral part of this software defined radio. Also, communication should not be obstructed or hindered by fading. Spectrum sensing in cognitive radio is applicable to radio frequencies only. Observing the unused spectrum of a licensed user is crucial for the concept of cognitive radio to be a success. So, the primary user is sensed perpetually to allow channel mobility of SU to another part of the spectrum; in case the primary user initiates to transmit [8] . This requires an efficient hardware with minimum possible error. The threshold for detection forms the crux. This should be in consideration of the interference in the worst-case scenario. Future spectrum analysis and decision-making processes are dependent on sensing the primary user correctly. This is defined as managing the spectrum dynamically [9] .
A. Types of Spectrum Sensing 1) Non-Cooperative Spectrum Sensing
In non-cooperative spectrum sensing, PU signals are independently detected by each CR user. Each user determines the presence and absence of primary users individually and then acts accordingly. As shown in Fig. 1 , CR users detect primary signals and decide on their own whether the signal is present or absent. However, this technique cannot detect the primary signal properly due to fading and shadowing. As shown in the Fig. 1 , CR User-2 can detect primary transmitter signal more precisely than the other users because CR User-2 detects the signal in the line of sight (LOS) condition [10] . Fig. 1 . Non-Cooperative Spectrum Sensing [11] 2) Cooperative Spectrum Sensing Cooperation is proposed as one of the solutions for problems that arise in spectrum sensing due to noise uncertainty, fading, and shadowing. Cooperative spectrum sensing decreases the probabilities of false alarms and miss-detection upto quite an extent. In addition, cooperation can solve hidden primary user problem and it can also reduce the sensing time [12] [13] [14] .
In this technique, the cognitive radio users are populated in the range of primary transmitter to perform its individual signal detection using some detection methods and then determine the reliability of its own detection results. Fig. 2 . Cooperative Spectrum Sensing Model [16] Fig . 2 shows the system model of the cooperative signal detection where only one cognitive radio user could be able to detect the primary signal. The other cognitive radio users are not able to distinguish existence of the primary signal by fading and shadowing effect. The users are populated in the range of primary transmitter. Under this condition, it is expected that it can improve the signal detection probability. Collaboration amongst cognitive radio users is theoretically more accurate and convenient.
In order to improve the probability of signal detection, the data fusion center collects local signal detection information of each of the cognitive radio users and then performs final decision in accordance with the decision rules [15] .
IV. SPECTRUM SENSING TECHNIQUES There are various spectrum sensing techniques which are employed for spectrum sensing; such as:
A. Matched-Filter Detection
The matched-filter (also known as coherent detector), can be considered as a best sensing technique if CR has prior knowledge of the PU. It is very accurate because it maximizes the received signal-to-noise ratio (SNR).
Matched-filter correlates the received signal with its time shifted version. Comparison between the final output of the matched-filter and a pre-determined threshold will determine the presence of primary user. Hence, if this information is not accurate, then the matched-filter will operate weakly.
B. Cyclostationary Feature Detection
Implementation of a Cyclostationary feature detector is a spectrum sensing technique which can differentiate the modulated signal from the additive noise. A signal is said to be Cyclostationary if its mean and autocorrelation are a periodic function.
Cyclostationary feature detection can distinguish PU signal from noise, and used at very low Signal to Noise Ratio (SNR) by using the information present in the PU signal that are not present in the noise.
C. Energy Detection
Energy detection is the most popular way of spectrum sensing because of its low computational and implementation complexities. The receivers do not need any previous knowledge about the primary users. An energy detector (ED) simply treats the primary signal as noise and decides on the presence or absence of the primary signal based on the energy of the observed signal.
V. CYCLOSTATIONARY DETECTION
Man-made signals are normally not stationary, but some of them are cyclostationary, i.e., they show periodicity in their statistics. This periodicity can be utilized for the detection of a random signal which has a particular modulation type in a background of noise. Such detection is called cyclostationary detection.
The signal of the PU can be detected at very low SNR values if it exhibits strong cyclostationary properties. If the autocorrelation of a signal is a periodic function of time 't' with some period then such a signal is called cyclostationary and this cyclostationary detection is performed as follows:
In eq. (1), 'α' is cyclic frequency and E [.] is the statistical expectation operation. The spectral correlation function (SCF) denoted by S(f, α), also called the cyclic spectrum is obtained by computing the discrete Fourier transformation of the cyclic autocorrelation function (CAF). Detection is completed finally by searching for the unique cyclic frequency corresponding to the peak in the SCF plane. This approach is vigorous to interference and random noise from other modulated signals because different modulated signals have different unique cyclic frequencies, while noise has only a peak of SCF at zero cyclic frequency. The theoretical implementation of this method for spectrum sensing is shown in Fig. 3 .
We have evaluated the performance of our simulation models based on the probabilities of detection.
The probability of false alarm (Pfa) is defined as the probability that the detector declares the presence of PU, when the PU is actually absent. The probability of miss detection (P m ) is defined as the probability that the detector declares the absence of PU, when the PU is actually present.
The probability of correct detection (P d ) and probability of false alarm (P fa ) for the frequency domain can be computed from eq. (2) and eq. (3) respectively, as per the methods described in [22-26]:
In eq. (2) and eq. (3), ' ' represents the threshold of the system and 'P n ' represents the power of the noise generated by the AWGN channel and erfc(x) returns the Complementary Error Function evaluated for each element of x.
The probability of miss detection (P m ) can be calculated by subtracting the probability of correct detection from a probability 100% as shown in eq. (4):
VI. SIMULATIONS AND PERFORMANCE ANALYSIS Fig. 4 gives the Simulink based model which emulates a cognitive radio with cooperative spectrum sensing using cyclostationary detection method for noncooperative detection technique (single user). Fig 4 compares the absolute value of the signal (Abs0) with the threshold value (10 in this case). As long as the absolute value remains below or equal to the threshold value, the output is high, indicating that the primary user (PU) is present. But when the absolute value crosses the threshold value, the output is low, indicating that the channel is 'idle', thus allowing SUs to occupy the 'spectrum hole' and utilize it till the PU uses the channel again. Fig. 6 gives the model of the cooperative spectrum sensing using Square Law Combining (SLC) method of detection. Fig.  7 gives the final output of the model presented in Fig. 6 . In the SLC method of spectrum sensing, the estimated energy in each node is sent to the center fusion where they will be added together. Then this summation is compared to a threshold to decide on the existence or absence of the PU. This is shown in the output spectrum in Fig. 7 . Fig. 8 shows the architecture of the Fusion Center that is shown in Fig. 6 . In Fig. 7 , the signal is zero, '0' (idle) or in use based on the rule of Square Law Combining (SLC), according to which, the final output is based on the comparison between the predetermined threshold value (here, 10) and the summation of the estimated energy in each node This is the condition of the SLC method.
We have compared the performance between both the types of detection models based on the probability of correct detection (Pd), probability of miss-detection (P m ), and the probability of false alarm (P fa ), calculated by using eq. (2), eq. (4), and eq. (3) respectively. Table I shows the probabilities of detection for each of the models presented in this paper. From the results achieved in Table 1 , we can clearly see that the cooperative fusion method (SLC) of spectrum sensing has a better performance when all the other parameters are kept the same for both models. It has a higher probability of correct detection and much less probability of false alarm when compared to the non-cooperative detection method.
VII. CONCLUSIONS
In this paper, we have implemented Simulink based spectrum sensing models using Cyclostationary Detection technique. The cyclostationary detection is first shown for the non-cooperative detection technique and then for the Square Law Combining (SLC) method. Then the probabilities of detection were calculated for both the models and it was seen that the cooperative decision fusion method had a much better performance compared to the non-cooperative method.
The merits of the Cyclostationary Detection technique is that it is robust in low SNR and robust in interference. The demerits are that it requires partial information of the PU and has a high computational cost.
From the results of the simulation models presented in this work, we can see that in the case of single-user (noncooperative) detection, the probability of false detection and missed-detection is high, as this technique cannot detect primary signal properly due to fading and shadowing. A user can detect primary transmitter signal more accurately than the other users when it detects a signal in line of sight (LOS) condition. Hence this method is ideal for use in conditions where LOS detection is possible, preferably at a short-range distance.
Multi-user (cooperative) detection scheme acts as a solution to problems that arise in spectrum sensing due to noise uncertainty, fading, and shadowing. Multi-user detection decreases the probabilities of Missed-Detection and false alarm considerably. Due to multiple number of users involved in the detection process, it has proven to solve hidden primary user problems and it can thus also minimize the sensing time. But the demerit is that this technique requires a higher bandwidth.
The future continuation of this work would be to modify the simulation models to make them compatible with the Universal Software Radio Peripheral (USRP).
This work was done using analog message signals. Further work would be done by using digital message and digital modulation schemes.
